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ABSTRACT 
 
Aluminum alloys and their composites are attractive materials for applications 
requiring high strength-to-weight ratios and reasonable cost.  Many of these applications, 
such as those in the aerospace industry, undergo fatigue loading.  An understanding of the 
microstructural damage that occurs in these materials is critical in assessing their fatigue 
resistance.  Two distinct experimental studies were performed to further the 
understanding of fatigue damage mechanisms in aluminum alloys and their composites, 
specifically fracture and plasticity. 
Fatigue resistance of metal matrix composites (MMCs) depends on many aspects 
of composite microstructure.  Fatigue crack growth behavior is particularly dependent on 
the reinforcement characteristics and matrix microstructure.  The goal of this work was to 
obtain a fundamental understanding of fatigue crack growth behavior in SiC particle-
reinforced 2080 Al alloy composites.  In situ X-ray synchrotron tomography was 
performed on two samples at low (R=0.1) and at high (R=0.6) R-ratios.  The resulting 
reconstructed images were used to obtain three-dimensional (3D) rendering of the 
particles and fatigue crack.  Behaviors of the particles and crack, as well as their 
interaction, were analyzed and quantified.  Four-dimensional (4D) visual representations 
were constructed to aid in the overall understanding of damage evolution. 
During fatigue crack growth in ductile materials, a plastic zone is created in the 
region surrounding the crack tip.  Knowledge of the plastic zone is important for the 
understanding of fatigue crack formation as well as subsequent growth behavior.  The 
goal of this work was to quantify the 3D size and shape of the plastic zone in 7075 Al 
alloys.  X-ray synchrotron tomography and Laue microdiffraction were used to non-
  ii 
destructively characterize the volume surrounding a fatigue crack tip.  The precise 3D 
crack profile was segmented from the reconstructed tomography data.  Depth-resolved 
Laue patterns were obtained using differential-aperture X-ray structural microscopy 
(DAXM), from which peak-broadening characteristics were quantified.  Plasticity, as 
determined by the broadening of diffracted peaks, was mapped in 3D.  Two-dimensional 
(2D) maps of plasticity were directly compared to the corresponding tomography slices.  
A 3D representation of the plastic zone surrounding the fatigue crack was generated by 
superimposing the mapped plasticity on the 3D crack profile. 
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  CHAPTER 1
INTRODUCTION 
 Introduction 1.1
Aluminum alloys are used extensively in structural components throughout the 
aerospace industry due to their high strength-to-weight ratios.  Many of these components 
are subjected to cyclic loading throughout the routine operation of aircraft, which leads to 
fatigue (defined as the rupture of the components under cyclic loading) being the main 
phenomena for component failure.  Therefore, the fatigue behavior of aluminum alloys 
has been the subject of thorough studies for decades, and remains a highly relevant topic 
today (Zhao et al., 2008; Zhao and Jiang, 2008). 
Metal matrix composites (MMCs), composed of a light alloy matrix, such as 
aluminum alloy, reinforced with ceramic particulates, have a combination of high 
strength, high stiffness, and low density (Chawla and Chawla, 2013).  Furthermore, 
MMCs exhibit improved fatigue resistance over monolithic alloys.  This fatigue 
resistance depends on a variety of factors, such as reinforcement particle volume fraction, 
particle size, matrix and interfacial microstructure, processing-induced inclusions or 
defects, and testing environment (Chawla et al., 1998a; Chawla et al., 1998b; Chawla et 
al., 2000a; Chawla et al., 200b; Chawla and Allison, 2001; Chawla and Shen, 2001; 
Ganesh and Chawla, 2004). 
In this thesis, the goal is to obtain an understanding of fatigue damage 
mechanisms in 7075 aluminum alloy and 2080 aluminum alloy reinforced with SiC 
particles using X-ray synchrotron tomography and microdiffraction.  This thesis is the 
culmination of two studies: 
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(a) Understanding damage mechanisms in SiC particle reinforced aluminum alloy 
composites during fatigue crack growth at varying R-ratios using in situ X-ray 
synchrotron tomography. 
(b) Quantifying the plastic zone size at the tip of a fatigue crack, in a 7075 aluminum 
alloy, using sophisticated x-ray synchrotron tomography and microdiffraction 
techniques.  
 
 Critical Review of the Literature 1.2
In previous years, an understanding of the precise nature of damage mechanisms 
in metals and MMCs has been largely limited to examinations of two-dimensional (2D) 
fracture surfaces or polished cross-sections of the material.  These techniques are 
laborious and restrictive due to the 2D nature of the analysis.  Accurately sampling a 
representative volume of the microstructure by such methods is also difficult.  While 
these surface techniques provide information about microstructure, both the 
microstructure and state of stress can differ greatly between the surface and the bulk 
(Maire et al., 2001; Salvo et al., 2003). 
Three-dimensional (3D) characterization tools have been developed to allow for 
clear, accurate, and quantitative depictions of the damage behavior in metals and MMCs.  
A number of techniques have been used for the 3D visualization of metallic and MCC 
microstructures, including serial sectioning techniques using either mechanical polishing 
coupled with optical microscopy (Dudek and Chawla, 2008; Sidhu and Chawla, 2004) or 
focused ion beam milling and image reconstruction (Kubis et al., 2004; Lasagni et al., 
2007; D. Singh et al., 2010).  Although serial sectioning is a powerful technique for 
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virtual 3D microstructure generation, it is both time-consuming and destructive.  The 
destructive nature of this technique is limiting, particularly in fatigue, as it precludes the 
examination of a specimen at multiple stages of fatigue progression.  Furthermore, 
destructive techniques prohibit subsequent tests on the same specimen, such as tests that 
benefit from prior knowledge of the interior of the specimen. 
X-ray tomography is an excellent technique that, unlike serial sectioning, is non-
destructive and allows for large volumes to be studied with minimal sample preparation, 
resulting in statistically significant information and relatively large-scale visualization 
capabilities (Beckmann et al., 2007; Buffiere et al., 2010; Stock, 1999; Withers and 
Preuss, 2012).  3D visualization and quantification of heterogeneous microstructures has 
been successfully performed in Sn-rich alloys (Dudek et al., 2010), powder metallurgy 
steels (Chawla et al., 2009), metal matrix composites (Babout et al., 2001; Borbély et al., 
2004; de Andrade Silva et al., 2010; Kenesei et al., 2005), and aluminum and copper 
alloys (Toda et al., 2008; Weck et al., 2008).  Due to its non-destructive nature, X-ray 
tomography is particularly well suited for studies requiring knowledge of the specimen 
prior to other analysis techniques on the same specimen (S. S. Singh et al., 2014b). 
Synchrotron radiation has been used for X-ray tomography (Babout et al., 2001) 
and holotomography (Borbély et al., 2004; Kenesei et al., 2005) of metals and MMCs to 
visualize their microstructures.  SiC particle reinforced aluminum alloy matrix 
composites have been investigated using X-ray synchrotron tomography to visualize and 
quantify Fe-rich inclusions and porosity (de Andrade Silva et al., 2010) as well as the 
influence of particle size and aspect ratio on tensile fracture (Williams et al., 2010).   
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Adequate visualization and fracture quantification is critical to the understanding 
of damage in MMCs.  Additionally, a significant amount of statistical characterization 
and analysis, on features such as particle fracture and crack growth, is required both 
before and after deformation.  In situ techniques are particularly well suited for 
examining the initiation and evolution of damage in MMCs over time, allowing for a 
sound understanding of the sequence of particle fracture and crack growth during fatigue 
to be obtained.  Recent development of loading stages that allow for the simultaneous use 
of X-ray synchrotron tomography have provided the ability to perform in situ, or 4D 
experiments (the fourth dimension here is time), to understand the deformation behavior 
in real-time (S. S. Singh et al., 2014a).  Tensile damage behavior of SiC particle 
reinforced aluminum alloy matrix has been studied using in situ X-ray synchrotron 
tomography (Williams et al., 2011).  In situ X-ray synchrotron tomography has also been 
used for 3D observation and quantification of fatigue cracking in Al Mi-Si alloys (H. 
Zhang et al., 2009), to visualize void volume changes due to thermal fatigue damage in 
SiC particle reinforced aluminum (Schöbel et al., 2011), and to observe crack growth and 
the behavior of hydrogen bubbles in Al7075-T651 alloys during corrosion-fatigue (S. S. 
Singh et al., 2012). 
In the area of fatigue, a significant amount of work has been done in trying to 
understand the interaction between the fatigue crack and the SiC particles in SiC particle 
reinforced aluminum alloy composites (Kumai et al., 1990; Shang et al., 1988). Although 
the effect of load ratio (positive R-ratio) on fatigue crack growth behavior in MMCs has 
been investigated (Liaw et al., 1983; Schmidt and Paris, 1973; Zinsser Jr and 
Lewandowski, 1998), the precise mechanisms of crack growth as a function of R-ratio 
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remain poorly understood.  This is partially because most fatigue crack growth studies are 
limited to predominantly low R-ratios.  Moreover, the scope of existing studies at high R-
ratios are limited to optical imaging of cracking at the sample surface and of fracture 
surfaces (Chawla and Ganesh, 2010; Hudson and Scardina, 1969). At low R-ratio, crack 
deflection around SiC particles has been qualitatively shown. At high R-ratio, however, 
the key question is whether the SiC particles crack ahead of the main crack, or whether 
the fatigue crack grows through the originally intact SiC particles. 
 In most materials, local yielding will occur at the tip of a crack prior to crack 
extension (Meyers and Chawla, 2009).  This region is commonly known as the crack tip 
plastic zone.  Plastic deformation occurs in this area as a means to relieve high-stress 
gradients in front of the crack, resulting in a blunted crack, as an infinitely sharp crack 
(i.e. crack tip radius of zero) is physically impossible (Lu and Chow, 1990).  The plastic 
zone plays an important role in predicting crack growth in ductile solids, as linear elastic 
mathematical models lose their validity in the plastic zone (Suresh, 1998).  Two of the 
most popular mathematical models for predicting plastic zone size are those developed by 
Irwin (1957) and by Dugdale (1960), both of which indicate a direct relationship of 
plastic zone size to the square of the ratio of stress intensity factor to yield strength.  
Figure 1(a) shows a schematic of the 2D plastic zone predicted by these models.  
Analysis by Rice (1967) also predicts the development of a cyclic plastic zone during 
fatigue.  During partial unloading, residual compressive stresses are induced in a region 
embedded within, and much smaller than, the monotonic plastic zone, as shown in Figure 
1(b). 
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Figure 1.  (a) Schematic of the approximate monotonic plastic zone predicted by Irwin 
and Dugdale models (adapted from Meyers and Chawla, 2009) and (b) schematic of the 
approximate monotonic and cyclic plastic zones (adapted from Suresh, 1998). 
 
 Numerous experimental techniques have been used to analyze the crack tip plastic 
zone size in metallic materials for both static and fatigue fracture (Uǧuz and Martin, 
1996).  Surface techniques have been used to measure plastic zone size for plane stress 
conditions, but may also be applied to carefully polished sections.  Microhardness 
measurements can determine plastic zone size in materials that either strongly work 
harden or work soften (Bathias and Pelloux, 1973; Petit et al., 1977).  The difference in 
etching response between deformed and undeformed regions of a specimen section can 
be used to find the size and shape of the plastic zone (Clavel et al., 1975; Hahn et al., 
1972).  A recrystallization technique, which employs the relationship of annealing 
temperature on the previous amount of deformation, distinguishes the plastic zone based 
on which regions recrystallize at certain annealing temperatures (Iino, 1976; Tschegg et 
(a) (b) 
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al., 1980).  Plastic zone size in fractured materials has been correlated to the size of shear 
lips on fracture surfaces (Lai and Ferguson, 1980).  Moiré interferometry has been used 
to determine the plastic zone size from the change in fringe spacing in interference fringe 
patterns recorded before and after load application (Nicoletto, 1989; Poon et al., 1993).  
Scanning electron microscopes (SEM) have been used to determine plastic zone size by 
considering the effects of deformation on selected-area channeling patterns (Davidson 
and Lankford, 1976; Tekin and Martin, 1989; Y. H. Zhang and Edwards, 1992).  An 
SEM can also be fitted with a field emission gun to perform electron channeling contrast 
imaging, which images the plastic zone using contrast resulting from local changes in 
lattice plane orientation (Wilkinson, 1996). 
 Non-destructive experimental analysis (i.e. without sectioning, complete fracture, 
etc.) of plastic zones at the interior of a specimen has been much more limited.  X-ray 
microbeams have been employed to measure deformation in metals by the changes in the 
X-ray diffraction patterns they produce (Latiere, 1976; Tschegg et al., 1980).  However, 
the sizes of the conventional X-ray beams used in these early experiments were on the 
order of 101 or 102 µm, and their shallow penetration depth limited analysis to very near 
surface regions.  Neutron diffraction is capable of greater penetration depths (typically 
many centimeters) but requires relatively large sampling volumes (>1 mm2) (Withers and 
Bhadeshia, 2001). 
Recently, the advent of ultra-brilliance (14 orders of magnitude more brilliant 
than conventional sources) X-ray synchrotron sources has made the production of intense 
submicron X-ray beams possible (Ice and Pang, 2009).  Coupled with recent 
developments in advanced X-ray optics, efficient X-ray area detectors, and powerful 
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computational capabilities, modern synchrotron X-ray diffraction techniques are now one 
of the most important tools for diffraction mapping (Ice, 2008).  Energy dispersive X-ray 
diffraction (EDXRD) measures scattered intensity profiles from small gauge volumes 
(typically 0.01-0.001 mm3) at a small, fixed scattering angle (5°-15°) (Croft et al., 2002).  
By moving the sample with a micro positioning stage and extracting lattice parameters 
from the scattered intensity profiles, depth profiles of residual stresses and strains within 
a sample have been obtained.  EDXRD has been used to find strain versus distance from 
a crack in directions parallel and perpendicular to the crack (Croft et al., 2005) and to 
obtain a 2D map of strain around a crack tip at the specimen’s center (Croft et al., 2009) 
in fatigued 4140 steel. 
Another novel technique for measuring material deformation using X-ray 
synchrotron sources is that of Laue microdiffraction.  Laue microdiffraction makes of the 
well-known Bragg condition for the scattering of X-rays by crystal atoms: 
 
Laue microdiffraction uses a fixed angle θ between the incident beam and the atomic 
planes defined by the crystal lattice.  While the wavelength λ may be fixed by use of a 
monochromatic beam, the chance of satisfying the Bragg condition for an arbitrary 
crystal orientation is small, which is why Laue microdiffraction employs a polychromatic 
(white) beam to produce diffractions from a continuous spectra of wavelengths (Ice and 
Pang, 2009).  From recorded Laue patterns, the shape and orientation of unit cells can be 
determined, and the various characteristics of Laue patterns can be correlated to strain 
and deformation.  An early study that pioneered modern spatially-resolved Laue 
diffraction used a 25 µm pinhole to localize Laue spots, whose energies were detected by 
nλ = 2d sinθ
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a solid-state detector with exposure times up to around one hour, in order to determine 
strain fields in highly deformed Molybdenum single crystals (Rebonato et al., 1989).  
Laue microdiffraction has also been implemented in the study of deformation caused by 
nanoindention in copper single crystals (R. Barabash et al., 2001). 
Differential-aperture X-ray structural microscopy has recently been developed as 
a technique to measure microstructure and stress/strain with submicrometer spatial 
resolution in 3D (Larson et al., 2002).  DAXM extracts Laue patterns as a function of X-
ray beam penetration depth using knife-edge step profiling and computer reconstruction.  
The size of sampling volume is dictated by the X-ray beam size (~0.5 µm diameter) and 
depth-profiling step size, allowing for sampling volumes less than 1 µm3.  The first – and 
as late as 2009, the only – DAXM setup to report complete 3D capability was that at 34-
ID-E at the Advanced Photon Source (APS) at Argonne National Laboratory (Ice et al., 
2009).  DAXM has been used to study severely deformed polycrystalline titanium after 
friction stir processing (R. I. Barabash et al., 2009) and deformation near a grain 
boundary in bicrystal nickel (Ohashi et al., 2009). 
With the submicron 3D resolution and small sampling volume capabilities 
provided by DAXM, nondestructive 3D characterization of small volumes around fatigue 
cracks can be achieved.  As aforementioned, deformation in the region of the crack tips 
has been studied.  However, to the knowledge of the author, 3D mapping of crack tip 
plasticity has not previously been accomplished.  Furthermore, 3D mapping of crack tip 
plasticity together with non-destructive 3D imaging by way of X-ray synchrotron 
tomography may reveal critical information on the shape and size of the crack tip plastic 
zone in relation to the precise 3D profile of the fatigue crack. 
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 Focus of the Thesis 1.3
The focus of this thesis is the understanding of fatigue damage in aluminum 
alloys and their composites in 3D, which can greatly benefit from the implementations of 
select nondestructive techniques that employ X-ray synchrotron sources.  In Chapter 2, in 
situ X-ray synchrotron tomography is used to observe fatigue crack growth in SiC 
particle reinforced aluminum alloy matrix composites at high and low R-ratios.  The 
reconstructed data is segmented to obtain 3D renderings of the crack and particles.  
Quantitative analysis is performed on both 2D slices of reconstructed tomography and 3D 
segmented data.  Videos are made to show the growth of the fatigue crack through the 
specimen in 4D.  In Chapter 3, X-ray synchrotron tomography and Laue microdiffraction 
are complimentarily applied to quantify the plastic zone around a fatigue crack in 7075 
aluminum alloy.  A 3D crack profile is segmented from the reconstructed tomography 
data.  The breadth of peaks in depth-resolved Laue patterns is quantified and used to 
determine the amount of plasticity present at numerous locations around the crack in 3D.  
The results of the two experimental techniques are combined by superimposing the 
mapped plasticity on the crack profile to obtain a 3D visualization of the plastic zone 
around the crack. 
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  CHAPTER 2
FATIGUE CRACK GROWTH IN SIC PARTICLE REINFORCED AL ALLOY 
MATRIX COMPOSITES AT HIGH AND LOW R-RATIOS BY IN SITU X-RAY 
SYNCHROTRON TOMOGRAPHY 
 Introduction 2.1
With their high strength, high stiffness, and low density, SiC particle reinforced 
aluminum alloys are of particular interest to the aerospace and defense industry.  
Applications in this industry typically require that the material endure fatigue, and fatigue 
fracture is a prevalent cause for component failure.  More work must be done to 
understand the behavior of these MMCs under fatigue loading, particularly the role of 
SiC particles in fatigue crack propagation at high R-ratios. 
Observation and quantification of microscopic phenomena at various stages of 
fatigue crack growth is critical to the investigation of fatigue damage in MMCs.  X-ray 
synchrotron tomography, together with a specially designed loading stage, enables the in 
situ study of fatigue damage in 3D over time (4D).  X-ray synchrotron tomography is 
well suited for this application because of its ability to produce 3D imagery of an Al-SiC 
composite specimen in a non-destructive manner.  Furthermore, the small pixel size of 
the resultant images (1.5 µm/pixel) is necessary for proper damage analysis and image 
segmentation, as silicon carbide particles in these composites exist on the scale of tens of 
microns. 
In this work, the fatigue behavior of SiC particle reinforced aluminum alloys at a 
high R-ratio (0.6) is compared to that at low R-ratio (0.1) by in situ x-ray synchrotron 
tomography.  In particular, the goal of this work is to obtain a fundamental understanding 
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of how the fatigue crack interacts with SiC particles, and the role of particle fracture, both 
ahead of and at the crack tip, in controlling fatigue crack propagation. This behavior for 
high R-ratios versus low R-ratios will be discussed after quantitative analysis through 3D 
visualization of segmented particles and crack coupled with the examination of numerous 
2D slices. 
 
 Sample Preparation 2.2
The material used in this study was a 2080 aluminum alloy (3.6% Cu, 1.9% Mg, 
0.25% Zr) reinforced with 20 vol.% SiC particles (average particle size of 25 µm).  The 
materials were processed by blending SiC and Al powders, compaction of the powder 
mixture, hot pressing, and hot extrusion (Alcoa Inc., Alcoa, PA).  Details of the powder 
metallurgy process for fabrication of these composite materials can be found elsewhere 
(Chawla et al., 1998). 
Fatigue crack growth experiments were carried out on single edge notched (SEN) 
specimens.  The specimens were machined by electrical discharge machining (EDM) 
parallel to the extrusion axis with the crack growing normal to the extrusion axis, i.e., in 
the short transverse axis (L-S orientation).  The specimens were approximately 1 mm 
thick, 2.7 mm wide, and 15 mm long.  A microforce testing system (MTS Tytron 250) 
was used to perform pre-cracking ex situ in tension-tension fatigue at the same load ratios 
as those used during the in situ experiment for each sample (frequency of 4 Hz, ΔK ≈ 5 
MPa√m).  The resulting pre-crack length for the sample tested under R = 0.1 was 0.95 
mm, while that for R = 0.6 was 0.55 mm. 
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 In Situ X-Ray Synchrotron Tomography 2.3
The fatigue experiments were performed at the Advanced Photon Source (APS) at 
Argonne National Laboratory under load ratios of 0.1 and 0.6, at a frequency of 1 Hz, 
using a sinusoidal waveform.  X-ray synchrotron tomography was performed at the 2BM 
beamline of the APS.  Details of the APS beamline 2-BM have been described elsewhere 
(De Carlo et al., 2002; De Carlo and Tieman, 2004; Peele et al., 2005; Williams et al., 
2010). Using the standard detector, a 2016 x 2016 pixel PCO Dimax CMOS camera 
coupled with a LuAG:Ce scintillator screen (used to convert the x-rays to visible light), 
typical exposure times of 250 ms per projection were obtained. In this configuration, a 
projection was collected every 1/8° for 180°.  The tomography at one time step can be 
completed in about 10 to 15 minutes.  The 2D projections were reconstructed in 3D using 
a filtered back-projection algorithm. 
A specially designed loading stage, depicted in Figure 2, was used for the in situ 
tomography.  The load was transmitted from top to bottom of the stage using a polymer 
PMMA (Polymethyl methacrylate) sleeve.  PMMA was used because it is essentially X-
ray transparent.  The specimen was inserted from the top of the stage and was clamped 
between the actuator and the load cell.  The stepper motor had a captive linear actuator 
capable of 8 µm per step and a total stroke of 25 mm.  The load cell had a capacity of 500 
N.  The load was applied to the specimen by automatic control of the actuator using 
feedback from the load cell. 
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Figure 2:  In situ fatigue testing jig. 
 
 Image Processing 2.4
From the obtained stack of reconstructed images, the SiC particles were segmented 
from the Al alloy matrix.  Due to the similarity in gray scale between the center of a 
particle and the Al alloy matrix, a novel and semi-automatic segmentation algorithm 
known as Livewire® (Mimics, Materialise, Ann Arbor, MI) was used, and is described in 
detail elsewhere (Williams et al., 2010).  This algorithm takes advantage of the large 
gradient in grayscale at the interface between the particle and the matrix (Padilla et al., 
2012; Padilla et al., 2013).   The crack was also segmented at various stages of growth 
using a grayscale thresholding tool and subsequent close visual comparison to the 
Axial alignment 
by shims 
Spring-loaded concentric 
alignment screw 
Load Cell  
PMMA sleeve  
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original tomography images for removal of anything falsely segmented as part of the 
crack, such as the dark silicon-rich inclusions.  The segmented data was then exported to 
Avizo® Fire (Visualization Sciences Group, Burlington, MA) for 3D rendering and 
microstructural quantification. 
 
 2D Analysis and Quantification 2.5
The differences in fatigue crack growth damage at the tip of the crack, and the 
subsequent interactions between the crack and the SiC particles, at low and high R-ratio, 
are quite striking.  A 2D comparison of the evolution of damage under a load ratio of 0.1 
(135 µm from the specimen surface) versus a load ratio of 0.6 (157 µm from the 
specimen surface) can be seen in Figure 3 and Figure 4, respectively.  In Figure 3(a), 
under the lower load ratio, very few of the particles in the area in front of the crack were 
visibly fractured.  Figure 3(b) shows that the crack proceeded in a nearly linear fashion 
until it reached a particle, and then deflected and went around the particle.  By the time 
the image in Figure 3(c) was captured, the crack had passed by another particle and 
proceeded in a way so as to be in line with the path of the crack prior to deflecting around 
the first particle mentioned.  In contrast, it can be seen in Figure 4(a) that the sample 
under higher load ratio contained a number of fractured particles in the area ahead of the 
crack tip.  Figure 4(b) shows that several particles are fractured ahead of the crack, and 
that the crack proceeded in a non-linear fashion so as to travel through previously 
fractured particles.  This comparison was found to be representative of the fatigue 
damage behavior throughout the respective samples, and was confirmed through 
quantification and 3D analysis. 
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Figure 3.  Fatigue crack growth behavior at 135 µm from specimen surface at R = 0.1 
after (a) 5700, (b) 7400, and (c) 7900 fatigue cycles.  Location of crack tip is indicated. 
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Figure 4.  Fatigue crack growth behavior at 157 µm from specimen surface at R = 0.6 
after (a) 0, (b) 8000, and (c) 21000 fatigue cycles.  Several particles fractured ahead of 
the main crack.  Location of crack tip is indicated. 
 
The fracture of a particle ahead of the crack tip during high load ratio (R=0.6) 
fatigue can be more clearly seen in Figure 5, at a depth of 295 µm from the specimen 
surface.  Figure 5(a) shows that the particle (circled) was not fractured when the 
experiment was paused for scanning after 7,000 fatigue cycles.  However, the particle had 
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fractured by 8000 cycles (Figure 5(b)) and the crack later passed through the same 
fractured particle, as shown in Figure 5(c). 
 
Figure 5.  Particle (circled) at 295 µm from specimen surface (R = 0.6) at (a) 7000 cycles, 
just before its fracture, (b) 8000 cycles, just after its fracture, and (c) 21000 cycles, just 
after crack passes through particle.  Location of crack tip is indicated. 
 
This method of tomography image comparison at specified intervals of fatigue 
cycling enables quantification of the degree of particle fracture as a function of 
cumulative fatigue cycles.  Similarly, the interaction of the crack with the particles, i.e., 
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whether it passes through a fractured particle or by-passes a particle, can also be 
quantified.  10 evenly-spaced 2D slices, similar to those shown in Figure 3 through 
Figure 5, yet covering a much larger area to ensure all fractured particles could be seen, 
were selected from the image stacks and quantified for each sample at every instance of 
image collection. The results are shown in Figure 6 and Figure 7.  Quantities in these 
figures represent the cumulative number of instances observed.  In Figure 6, the number 
of particles by-passed under low load ratio increases at nearly every interval of 
observation. The crack passed through fractured particles in relatively few cases, and 
none of those particles were observed to have fractured ahead of the crack tip in any of 
the selected images collected prior to 7,400 cycles.  This indicates that, for these earlier 
intervals of fatigue, when the crack passed through a fractured particle at low load ratio, 
that particle must have fractured at little to no distance in front of the crack tip.  In 
contrast, a large number of particles were observed to have fractured ahead of the crack 
tip at high load ratio (R=0.6) (Figure 7).  The corresponding trend shown by the number 
of particles through which the crack has passed relates to the aforementioned 
phenomenon of crack growth at high R-ratio; that the crack tends to pass through 
particles that have already been fractured ahead of the crack tip.  Particle fracture ahead 
of the crack tip was exacerbated by two separate instances of overloading during the 
fatigue testing at high load ratio: just prior to 6000 cycles, and again just prior to 8000 
cycles.  The impact of this overloading is clear in Figure 7.  At both 6000 and 8000 
cycles, the number of particles fractured increases sharply.  Both instances are followed 
by plateaus, as the area affected by overload is larger than that affected during normal 
loading.  As a result, the crack must extend further before more new particles are 
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fractured in the area in front of the crack tip, and no additional particles are fractured in 
the interim. 
 
 
Figure 6.  Quantification of particle fracture and interaction with crack at R = 0.1 as 
observed in 10 evenly-spaced slices. 
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Figure 7.  Quantification of particle fracture and interaction with crack at R = 0.6 as 
observed in 10 evenly-spaced slices.  Overload occurs before 6000 cycles and before 
8000 cycles, as indicated. 
 
One of the hypotheses for crack growth in particle reinforced MMCs is that Kmax 
controls the degree of particle fracture, and thus, the path of the fatigue crack (Chawla 
and Ganesh, 2010). The effect of Kmax on particle fracture can be seen in Figure 8.  The 
cumulative number of particles fractured was divided by the crack length as a means to 
normalize the quantities for low and high R-ratio.  While this data reaffirms that particle 
fracture is largely dictated by Kmax, there is a distinct difference between R=0.1 and 
R=0.6.  The number of particles fractured over crack length during R=0.1 increased with 
 22 
Kmax in a relatively slow and steady manner.  In contrast, R=0.6 shows a much steeper 
overall trend.  The irregularities in the trend seen for R=0.6 can be explained by the 
instances of overload.  As aforementioned, crack growth immediately following overload 
did not cause additional particle fracture, so crack length increased while the cumulative 
number of fractured particles remained constant.  Therefore, normalizing the number of 
fractured particles by crack length results in instances where this parameter decreased as 
Kmax increased after initial overloading occured. 
 
 
Figure 8.  Effect of Kmax on particle fracture.  Overall increase in particle fracture with 
increasing Kmax is much larger for R=0.6 when compared to R=0.1.  Instances of decrease 
for R=0.6 are a result of overloading. 
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 3D Analysis and Quantification 2.6
Through segmentation of the image stacks collected through tomography, the 
particles can be seen together with the fatigue crack in three dimensions.  Selected 
volumes for each R-ratio were segmented, as shown in Figure 9 and Figure 10.  These 
volumes were selected such that the width was equal, the height encompassed the full 
crack throughout that width, and the length captured the full propagation of the crack.  
Particles that touch the crack, i.e., particles the crack either travelled through or bypassed, 
are shown in blue, while the remainder of the particles in the selected volume are shown 
in green.  Figure 9(a) and Figure 10(a) show all particles in the selected volume along 
with the fully propagated crack, while Figure 9(b) and Figure 10(b) show only those 
particles with which the fatigue cracks interacted. 
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Figure 9.  Rendering of selected volume for three-dimensional analysis at R=0.1.  The 
fatigue crack after 8150 fatigue cycles is shown in red, particles with which the crack 
interacts are shown in blue, and the remainder of the particles in the volume are shown in 
green.  Shown are the crack together with (a) all particles in volume and (b) only those 
particles with which crack interacts. 
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Figure 10.  Rendering of selected volume for three-dimensional analysis at R=0.6.  The 
fatigue crack after 21000 fatigue cycles is shown in red, particles with which the crack 
interacts are shown in blue, and the remainder of the particles in the volume are shown in 
green.  Shown are the crack together with (a) all particles in volume and (b) only those 
particles with which crack interacts. 
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Each particle with which the crack interacted was visually examined in 3D to 
determine if the fatigue crack travelled through that particle or if it instead bypassed the 
particle.  Figure 11 gives an example of each case.  In Figure 11(a), the crack has gone 
around the particle without the particle fracturing. Figure 11(b) shows the case in which 
the particle has fractured and the crack is passing through the particle.  This 3D visual 
analysis gives definitive distinction between particle bypass and particle pass-through.   
 
Figure 11.  Examples of (a) a particle bypassed by crack and (b) crack traveling through a 
particle. 
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A statistical summary of the quantified interactions between particles and fatigue 
crack is shown in Table 1 for both 2D and 3D analysis methods under both low and high 
load ratios.  The statistics show that the fatigue crack has a tendency to bypass particles 
under low load ratio.  In stark contrast, at high load ratio the particles fracture ahead of 
the crack, due to a large damage zone from the higher Kmax contribution, and the fatigue 
crack passes through upwards of 4 out of 5 particles in its path, on average.  For low load 
ratio, the difference in results between methods is less than 4%, while high load ratio 
results differ by less than 9%. 
 
Table 1.  Statistical summary for both two- and three-dimensional analysis techniques 
 
Further 3D analysis was performed on crack growth under high load ratio.  
Approximately 300 particles were segmented in a region in front of a 380 µm wide 
section of the crack.  Care was taken to ensure that all particles near the fully propagated 
crack in that region were segmented by comparison with images collected at 21,000 
cycles.  The fatigue crack was also segmented at each interval during which fatigue was 
paused for scanning.  Using the segmented data, together with reference to the image 
Analysis Method 2D 3D 2D 3D
Total number of observed particles with which 
crack interacts during fatigue crack growth
93 98 36 29
% particles crack passes through 37.6 33.7 81 89.7
% particles crack bypasses 62.4 66.3 19 10.3
% particles through which crack passes that 
fractured ahead of crack tip
28.6 --- 90 ---
R = 0.1 R = 0.6
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stacks, particles were distinguished based on the following criteria: (a) if the particle 
interacted with the crack, (b) if the particle fractures, (c) during which interval particle 
fracture occured, and (d) during which interval the crack passes though the particle.  
From this, it is possible to visualize when particles fracture and when the crack travels 
through those particles during fatigue crack growth.  A video was made to aid in this 
visualization, from which select still images were taken and shown in Figure 12.  To 
make visualization clear, the quantity of particles shown is limited.  Therefore, only those 
particles which are fractured and through which the particle ultimately travels are shown, 
with all other particles hidden.  Particles appear in green when they have been fractured 
during that interval.  A particle then changes to blue once the crack has passed through it.  
Figure 12(a) shows the crack and fractured particles at the beginning of the fatigue 
experiment, where the crack has not passed through any particles and fractured particles 
are a result of pre-cracking or processing.  In Figure 12(b), the sample has been fatigued 
for 7,000 cycles, and the crack has propagated through a number of particles, with 
additional particles having been fractured in front of the crack tip.  Figure 12(c) shows 
the fully propagated crack, which has passed through all particles shown (as this was the 
criterion for selection of the visible particles).  Use of the video to show the crack growth 
and particle fracture interdependence in 4D is valuable in understanding the phenomena 
of particle fracture at an appreciable distance in front of the crack tip as well as the 
influence of those fractured particles on the path followed by the crack during fatigue. 
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Figure 12.  Progression of crack at R = 0.6 after (a) 0 cycles, (b) 7000 cycles, and (c) 
21000 cycles.  Only those particles through which the crack eventually passes are shown.  
Particles are shown in green if fractured ahead of crack.  Particles are shown in blue if 
crack has passed through.  Newly observed instances are displayed as opaque. 
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 Conclusions 2.7
In situ X-ray synchrotron tomography was used to study the fatigue behavior of 
SiC particle-reinforced 2080 Al alloy matrix in 4D at low and high R-ratios.  The 
following conclusions can be drawn from this work. 
1. For R-ratio of 0.1, particles rarely fracture at an appreciable distance ahead of the 
crack tip.  Because of this, the crack has the tendency to follow a path around 
particles, bypassing them. 
2. For R-ratio of 0.6, at larger Kmax, fracture of particles ahead of the crack tip is 
common.  Once particles have fractured in front of the crack tip, subsequent crack 
growth occurs in the direction of those fractured particles, effectively passing 
through them.  Thus, the static component of fracture, Kmax, controls fatigue crack 
growth by causing the SiC particles to fracture ahead of the crack tip. 
3. Current segmentation and 3D rendering software enables true 4D visualization of 
fatigue crack growth through the creation of videos, aiding in the understanding 
of fatigue damage of MMCs, particularly particle-crack interactions. 
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   CHAPTER 3
QUANTITATIVE MEASUREMENT OF PLASTIC ZONE SIZE IN AL 7075 USING A 
COMBINATION OF X-RAY SYNCHROTRON LAUE MICRODIFFRACTION AND 
MICROTOMOGRAPHY 
 Introduction 3.1
Aluminum alloys are an attractive material for aerospace applications due to their 
high strength-to-weight ratio.  Because aircraft components are susceptible to fatigue 
cracking and failure, it is important that the damage mechanisms involved with fatigue 
cracking be understood.  During fatigue crack growth in ductile materials, a plastic zone 
is created in the region surrounding the crack tip.  Knowledge of the shape and size of the 
plastic zone is important for the understanding of fatigue crack formation as well as 
subsequent growth behavior. 
Mapping of plasticity around a fatigue crack in aluminum can be accomplished 
through the coupling of X-ray synchrotron tomography and Laue microdiffraction. The 
magnitude of plastic deformation at various locations in a volume can be experimentally 
determined through the use of differential-aperture X-ray structural microscopy 
(DAXM).  The precise 3D profile of the fatigue crack can be determined through the 
analysis of reconstructed image stacks obtained by X-ray tomography. 
In this study, the region surrounding the crack tip in a fatigued specimen of 
aluminum 7075-T651 alloy was examined using a combination of X-ray synchrotron 
Laue microdiffraction and microtomography.  The goal of this work was to achieve a 
quantitative measurement of the plastic zone surrounding the crack tip in 3D.  
Information on the plastic zone is gathered through measurements of plastic strain at 
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numerous locations within the specimen using depth-resolved Laue patterns collected by 
DAXM.  3D visual renderings of the plastic zone were constructed and correlated to 3D 
visual renderings of the fatigue crack obtained from reconstructed microtomography data. 
 
 Sample Preparation 3.2
The material used in this study was a 7075-T651 aluminum alloy.  A single edge-
notch specimen (20 mm x 2.8 mm x 0.8 mm) was machined by electro-discharge 
machining (EDM) such that the loading direction was along the L-T orientation.  The 
specimen was ground with 600 and 1200 grit SiC paper and then polished with 1µm 
diamond paste.  The specimen was then fatigued at 4 Hz with a constant load range of 
10N to 200N on a microforce testing system (MTS Tytron 250) until the total crack 
length was 1.4 mm.  An optical image of the fatigue crack at the specimen surface is 
shown in Figure 13.  The sample was then loaded with a constant load of 100N while 
super glue was added to the crack as a means of holding the crack open.  The specimen 
was removed from the Tytron and the width of the specimen was then reduced from 2.8 
mm to 1.7 mm. 
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Figure 13.  Optical image of the fatigue crack at the surface of the specimen.  The crack 
tip and notch are indicated. 
 
 X-Ray Synchrotron Tomography 3.3
X-ray synchrotron tomography was performed at the 2BM beamline of the 
Advanced Photon Source (APS) at Argonne National Laboratory.  Details of the APS 
beamline 2-BM have been described elsewhere (De Carlo et al., 2002; De Carlo and 
Tieman, 2004; Peele et al., 2005; Williams et al., 2010).  Using a standard detector, a 
2048 x 2048 pixel CoolSnap K4 CCD camera coupled with a LuAG:Ce scintillator 
screen (used to convert the X-rays to visible light), typical exposure times of 300 ms per 
projection were obtained.  In this configuration, a projection was collected every 1/8° for 
180°.  The tomography can be completed in about 17 minutes.  The 2D projections were 
reconstructed in 3D using a filtered back-projection algorithm. 
 
100 µm 
Notch 
Crack 
Tip 
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From the obtained stack of reconstructed images, the crack was segmented using 
conventional thresholding in ImageJ (ImageJ, Bethesda, MD).  The thresholding was 
followed by close visual comparison to the original tomography images for removal of 
anything falsely segmented as part of the crack, such as dark silicon-rich inclusions.  The 
segmented image stack was then imported into Avizo® Fire (Visualization Sciences 
Group, Burlington, MA) for 3D rendering. 
 
 X-Ray Synchrotron Laue Microdiffraction 3.4
High-resolution white beam Laue microdiffraction measurements were performed 
on the specimen at the 34ID-E beamline of APS.  A differential aperture X-ray structural 
microscopy (DAXM) technique was used to obtain depth resolution.  Experimental setup 
is shown in Figure 14(a), with a schematic of the DAXM method shown in Figure 14(b).  
This technique employed polychromatic synchrotron X-ray microbeams to extract 
complete Laue diffraction patterns as a function of depth.  A platinum wire was used to 
provide knife-edge step profiling.  Further details of the DAXM technique can be found 
elsewhere (Larson et al., 2002; Liu et al., 2011).  Two regions were step scanned (using a 
x-y translation stage) with a polychromatic (8-24 keV) focused X-ray beam of ~0.3 µm 
diameter.  The first region was around the tip of the crack, covering an area of 255 x 180 
µm2 with step sizes of 10.0 µm in the x-direction and 14.1 µm in the y-direction.  The 
second region was far from the crack, covering an area of 100x170 µm2 with step sizes of 
50.0 µm in the x-direction and 56.6 µm in the y-direction.  The diffracted beam profiling 
wire travelled in steps of 4.0 µm.  After each wire step, the reflected Laue pattern was 
recorded three times using a high-precision charge coupled device (CCD) area detector at 
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one second of exposure for each of the three repetitions.  These three patterns for the 
single step were immediately averaged by the data collection system as a means to reduce 
noise.  Total data collection time for each of these two regions was approximately 65 
hours and 2.5 hours, respectively. 
 
 
Figure 14.  (a) Experimental setup for DAXM at 34ID-E beamline of APS. 
(b) Schematic of DAXM technique. 
 
The collected Laue patterns were reconstructed, resulting in depth-resolved 
patterns for penetration increments of 2.5 µm.  Figure 15(a) shows an example of a Laue 
pattern collected by the CCD, while Figure 15(b) shows the depth-resolved Laue pattern 
after reconstruction.  Using computer-automated peak search routines in IGOR Pro 
(WaveMetrics, Lake Oswego, OR), the full width at half maximum intensity (FWHM) of 
each peak in the reconstructed Laue patterns was determined.  Using MATLAB, the 
(a) (b) 
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mean FWHM of all peaks in a pattern was calculated.  This was repeated for each Laue 
pattern representing a specified location of interest within the specimen. 
 
 
Figure 15.  Laue diffraction pattern (a) before reconstruction and (b) after reconstruction 
for a resolved depth. 
 
An optical image of the fatigue crack at the surface of the specimen taken immediately 
following the completion of microdiffraction is shown in Figure 16(a).  Numerous small 
burn marks are visible on the surface of the specimen.  These markings are a result of the 
burning of glue residue on the specimen surface by the X-ray beam.  Although these 
markings were unintentional and do not have an appreciable effect on the Laue patterns 
obtained, they are beneficial in confirming the true location of X-ray beam surface 
penetration locations.  The visible penetration locations agree well with the pre-planned 
locations, a schematic of which is shown in Figure 16(b). 
 
(a) (b) 
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Figure 16.  (a) Optical image of the fatigue crack at the surface of the specimen following 
microdiffraction and (b) schematic of pre-planned scanning locations.  Notice the burn 
marks in the glue on the surface of the specimen, which correspond to the locations of 
scanning. 
 
 Laue Pattern Analysis 3.5
Peak broadening in diffraction patterns is an indication of non-uniform strain 
present in the lattice of the material (Cullity, 1957).  The effect of lattice strain on peak 
shape and location are summarized in Figure 17.  An unstrained lattice will diffract the 
X-ray beam in a consistent, unchanging manner within a voxel of measurement, resulting 
in sharp, high-intensity peaks.  In contrast, the presence of non-uniform lattice strain 
within a voxel of measurement causes small variations in diffractions within that single 
voxel, resulting in peaks that are broader.  The more non-uniform strain that exists within 
that voxel, the greater the peak breadth becomes.  Therefore, this degree of peak 
(a) (b) 
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broadening, which is directly related to non-uniform strain, can be used as a measure of 
plasticity. 
 
 
Figure 17.  Effects of lattice strain on diffraction peak width and position. 
 
Figure 18(a) shows the relative degree of peak broadening observed in the 
specimen in a plane parallel to the specimen surface at a depth of 35 µm.  To calculate the 
relative degree of peak broadening, a baseline FWHM value for comparison was 
established in the region far from the crack, where fatigue-induced deformation is 
assumed nonexistent.  This baseline value was the average of the middle 50 percent of 
mean FWHM values (when in ascending numerical order) extracted from the 12 positions 
in the region far from the crack (as shown in Figure 16(b)) at the specified depth.  In the 
region near the crack, at the specified depth, the degree of peak broadening in each 
sample volume of microdiffraction was calculated as a comparison of the mean FWHM 
of the sample volume to the baseline FWHM value: 
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The resulting peak broadening values were then plotted on a scale of zero to 0.8, where 
higher values indicate greater amounts of plasticity, as shown in Figure 19.  Some sample 
volumes provided Laue patterns for which no peaks were fit with the peak fitting routine.  
These sample volumes often corresponded to the location of the crack, while some others 
were outliers.  These locations are represented with black in the plots.  This Laue pattern 
characterization process was performed for 10 equally spaced planes at depths of 7 µm to 
71 µm from the specimen surface. 
Examples of the three general types of Laue patterns observed (as characterized 
by peak broadening) are shown for the locations specified by magenta circles in Figure 
18(a).  Peaks are shown as the blue clusters in the pattern images; red clusters are 
“shadow” peaks – an effect of depth reconstruction of the Laue patterns – and are to be 
ignored.  Pattern 1, shown in Figure 18(b), contains peaks that are narrow (i.e. low 
FWHM) and bright (i.e. high intensity).  Figure 18(c) shows pattern 2, in which the peaks 
are broader (i.e. higher FWHM) than those peaks typically observed in regions far from 
the crack.  Figure 18(d) shows a pattern from a location coinciding with the crack, which 
resulted in no observed peaks. Relative FWHM values for patterns one and two are 
indicated on the color bar to clarify the assignment of colors in the plot (Figure 18(a)). 
 
 40 
 
Figure 18.  (a) Plot of the relative degree of peak broadening in a plane parallel to the 
specimen surface at a depth of 35 µm.  Magenta circles indicate the locations of sample 
volumes from which the shown Laue patterns were recorded.  Relative FWHM values for 
the shown Laue patterns are indicated on the color bar.  Example Laue patterns exhibit 
(b) sharp, bright peaks, (c) broader peaks, and (d) absence of peaks. 
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Figure 19.  Color bar used for visual displays of relative peak broadening.  Greater values 
indicate increasing amounts of plastic deformation. 
 
When extracting peak information from Laue patterns using computer-automated 
peak search routines in IGOR Pro, much care was taken in tailoring the input parameters 
to accurately fit and characterize those peaks obtained in this experiment.  The peak 
search routines search 2D Laue patterns for peaks that exhibit a Gaussian shape within a 
box of specified size.  Minimum peak widths and intensities were also parameters for 
peak fitting.  The performance of the peak search routines in regards to fitting appropriate 
peaks was found to be largely impacted by the chosen box size; if the box size was too 
small, broad peaks may not be fitted and peaks may be fitted to noise, while if the box 
size was too large, sharp peaks may be excluded and computing time was greatly 
increased.  Numerous trial runs with varying box size selections were performed on 
patterns containing sharp peaks (such as that shown in Figure 18(b)) and patterns 
containing broad peaks (such as that shown in Figure 18(c)) until an appropriate box size 
More Plastic 
Deformation 
Less Plastic 
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0 
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for sufficiently fitting both sharp and broad peaks was found.  Other parameters were also 
optimized in a similar way. 
 
 2D Analysis 3.6
Figure 20(a) displays the reconstructed tomography image of the region around 
the crack at a depth of 35 µm.  Figure 20(b) shows the plot of peak broadening (obtained 
by microdiffraction) for the same region and depth. This side-by-side comparison is very 
useful in understanding the 2D mapping of plasticity around the fatigue crack.  Notice 
that the degree of peak broadening, and thus the amount of plasticity, becomes more 
intense when nearing the crack.  Positions that correspond to the position of the crack are 
depicted as black due to the absence of diffraction patterns resulting from the volume 
within the crack.  The volume within the crack consists of a combination of glue and air, 
neither of which yielded a diffracted pattern. A few additional instances of no fitted peaks 
were observed at locations near (but not directly over) the crack.  Upon examination of 
the Laue patterns corresponding to these locations, it was discovered that the peaks 
contained in these patterns were so broad – and consequently weak in intensity – that the 
computer-automated peak search routine used for measuring FWHM filtered them out as 
noise.  These extremely broad and weak peaks were therefore excluded from further 
calculations, resulting in a value of zero for mean FWHM at these locations.  These 
positions are also represented in black. 
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Figure 20.  (a) Reconstructed tomography image at a depth of 35 µm from the specimen 
surface.  The location of the crack tip at this depth is indicated.  (b) Plot of the relative 
degree of peak broadening at the same depth and region.  Higher values (green, yellow, 
and red) represent higher amounts of plasticity.  Black coloring corresponds to the fatigue 
crack location where no diffraction peaks were fit.  An outline of the crack is 
superimposed in white. 
 
The map of plasticity was compared to a plastic zone size prediction following the 
Irwin model (Irwin, 1957) for plane stress and plane strain conditions, respectively:  
𝑟! ≈ 12𝜋 𝐾𝜎! !         (plane  stress) 
𝑟! ≈ 16𝜋 𝐾𝜎! !         (plane  strain) 
Here, the plastic zone was approximated by a circle of radius ry at the tip of the crack.  
After calculating the stress intensity factor K for various lengths of the crack, the plastic 
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zone surrounding the fatigue crack as predicted by the Irwin model was superimposed on 
the plot of the relative degree of peak broadening, as shown in Figure 21 for a depth of 35 
µm.  The plastic zone determined by microdiffraction was slightly smaller than the 
predicted plane stress plastic zone and larger than the predicted plane strain plastic zone.  
Because the conditions are neither that of pure plane stress nor pure plane strain, the 
plastic zone determined by microdiffraction agrees well with the model as being bounded 
by these two extremes.  The plastic zone in each of the other nine planes considered was 
bounded in a similar way. 
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Figure 21.  Comparison of plastic zone size predicted by Irwin model to relative degree 
of peak broadening at depth of 35 µm from the specimen surface.  Magenta lines show 
the predicted plastic zone for plane stress (solid) and plane strain (dashed).  The crack 
location is outlined in white. 
 
 3D Analysis 3.7
The plastic zone around the crack was rendered in 3D by compiling the planes of 
peak broadening data into a 3D data set.  The values representing peak broadening were 
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scaled to a range of 0 to 255, where higher values represent more plasticity.  Each plane 
of data was then formatted into an 8-bit grayscale image, and these images were 
compiled into a stack.  A 3D volume representing the plasticity around the crack tip was 
then rendered, in which higher color intensity is indicative of greater plasticity.  This 3D 
plastic zone rendering obtained from microdiffraction was then superimposed on the 3D 
rendering of the fatigue crack obtained from X-ray tomography, as shown in Figure 22. 
 
 
Figure 22.  3D rendering of plastic zone observed through X-ray microdiffraction 
together with a 3D rendering of the fatigue crack obtained through X-ray tomography. 
 
3D gradients such as these may be difficult to comprehend when displayed on a 
stationary 2D medium, especially when an opaque object such as the crack is included.  
Applying a threshold value to the degree of peak broadening allows for a more well-
50 µm 
Direction of Notch Crack 
 47 
defined and understandable 3D rendering of the plastic zone.  Figure 23 shows the plastic 
zone for different levels of thresholding.  For a specified threshold value, the 3D volume 
displayed represents the volume for which the amount of peak broadening observed 
meets or exceeds the threshold.  For example, Figure 23(a) displays only the volume for 
which mean FWHM is at least twice that of the baseline FWHM value, i.e. peaks are 
twice as broad on average.  Figure 23(b) and Figure 23(c) display volumes for which 
mean FWHM is at least 2.5 and 3 times that of the baseline FWHM, respectively. 
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Figure 23.  3D rendering of the fatigue crack together with the 3D plastic zone.  Plastic 
zone is defined by the volume exhibiting mean FWHM greater than baseline FWHM 
value by a factor of (a) at least 2, (b) at least 2.5, and (c) at least 3. 
50 µm 
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 Conclusions 3.8
X-ray synchrotron Laue microdiffraction and microtomography were used 
together to examine the plasticity surrounding a fatigue crack in Al 7075-T651 alloy in 
3D.  The following conclusions can be drawn from this work. 
1. Peak-broadening characteristics of patterns obtained from high-resolution white 
beam Laue microdiffraction can be used to non-destructively determine the 
magnitude of plasticity in a region surrounding a fatigue crack in Al7075 alloy. 
2. The coupling of X-ray synchrotron tomography reconstructions with X-ray 
synchrotron Laue microdiffraction results at resolved depths provides meaningful 
information regarding variations in plasticity with proximity to the fatigue crack. 
3. 3D rendering of the plastic zone (obtained using X-ray Laue microdiffraction) 
superimposed on a 3D rendering of the fatigue crack (obtained using X-ray 
tomography) provides 3D visualizations that aid in understanding the shape and 
size of the plastic zone surrounding the fatigue crack. 
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  CHAPTER 4
SUMMARY 
 Future Work 4.1
This concludes the experimental and analytical work completed for this thesis.  
There is additional work to be performed in the future that would improve the results 
obtained here. 
Future work has been planned to gain more information on the quantitative 
measurement of plastic zone size in Al7075 alloy.  As yet, the relative degree of peak 
broadening in Laue patterns has been used as a means for determining plasticity.  While 
this is effective in providing information on the shape and size of the plastic zone, it is 
desirable that the absolute magnitude of plastic strain around the fatigue crack be 
determined. 
Strain values can be derived directly from the amount of peak broadening in 
diffraction experiments that utilize monochromatic x-ray beams.  Bragg’s law is 
employed in the form of this equation: 𝑛𝜆 = 2𝑑 sin𝜃 
By differentiating this equation, an equation for peak broadening b can be established: 
𝑏 = ∆2𝜃 = −2∆𝑑𝑑 tan𝜃 
Which can then be rearranged into a relationship for strain ε based on the change in 
lattice spacing d: 
𝜀!"# = 12∆𝑑𝑑 = 𝑏4 tan𝜃 
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However, this relationship cannot be applied to the X-ray diffraction experiments 
performed here, as they utilize a white (polychromatic) X-ray beam.  For a 
monochromatic X-ray beam, the nλ term is constant, whereas this term is non-constant 
for a polychromatic beam.  The variability of this term changes the differentiation of the 
Bragg’s law equation and thus prohibits the application of this strain equation to 
polychromatic X-ray beam diffraction studies. 
 It is possible to measure deviatoric strain using Igor PRO, the same computer 
program used for determining the FWHM of peaks in the depth-resolved Laue patterns, if 
certain conditions are met.  The algorithm determines strain by measuring the deviation 
in the angular position of indexed peaks in Laue diffraction patterns.  However, this strain 
determination operates on the assumption that each depth-resolved Laue pattern 
originates from a sampling volume small enough that elastic strain within that volume 
can be assumed uniform.  The size of sampling volume in DAXM is dependent on the 
beam size, but much more so on the diffracted beam profiler step size.  In the 
experiments performed for this study, the step size was relatively large.  The profiler step 
size and the total sample volume measured are tradeoffs when the experiment duration is 
limited.  Due to allotted beamline usage duration, maximizing the total volume measured 
was prioritized to ensure that the edges of the plastic zone (to one side of the crack) 
would be captured, and thus depth resolution was partially sacrificed.  Further limitations 
to the application of this algorithm come from the necessity of precisely locating the 
center of the diffracted peaks.  As peak breadth increases (and intensity decreases) with 
increasing amounts of lattice deformation, the diffracted peak centers become more 
difficult to accurately identify.  Large amounts of plastic deformation exist in the volume 
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of interest for this study, so the inability to accurately locate peak centers is further 
prohibitive to the application of this strain determination algorithm. 
 Others have used the peak broadening from diffraction of polychromatic X-ray 
beams as a means to measure the absolute value of plastic strain in materials.  Hoffman 
and his colleagues (2009) normalized FWHM values with respect to the averaged FWHM 
values from a region of no deformation.  Plastic strains (determined by an alternative 
method) were plotted against these normalized FWHM values, and a second-order 
polynomial fitting function was used to derive a relationship between normalized FWHM 
and plastic strain. 
 A similar method may be employed here.  Microdiffraction measurements were 
collected at in a region surrounding a Vickers indentation in the same fatigued sample.  
All parameters, such as exposure time and diffracted beam profiler step size, were the 
same as those used for the region surrounding the fatigue crack.  An optical image of the 
indentation and surrounding region scanned is shown in Figure 24(a).  Preliminary results 
for the relative degree of peak broadening at a depth of 4 µm are shown in Figure 24(b).   
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Figure 24.  (a) Optical image of Vickers indentation and area scanned.  Burn marks at the 
locations of beam penetration are faint but visible.  (b) Preliminary results of peak 
broadening in the region of the indentation at a depth of 4 µm.  Circles correspond to 
measurement locations and are colored by degree of broadening.  Dashed and solid 
magenta lines represent the edge of the indentation at the surface and at 4 µm depth, 
respectively. 
 
Using finite element (FE) modeling techniques, the amount of plastic strain near 
the indentation can be determined.  Correlating the amount of plastic strain to the 
experimentally determined normalized FWHM values at various locations will allow for 
the development of a numerical relationship between normalized FWHM and plastic 
strain.  This relationship can then be applied to the previously determined values for 
normalized FWHM near the fatigue crack, resulting in the magnitude of plastic strain in 
that region on an absolute scale. 
 
(a) (b) 
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 Conclusion 4.2
 In this thesis, fatigue damage in aluminum alloys and their composites was 
studied in 3D using X-ray synchrotron tomography and Laue microdiffraction.  Fatigue 
crack growth was studied in 4D in SiC particle reinforced aluminum alloy matrix 
composites using in situ X-ray synchrotron tomography.  High and low R-ratios were 
compared by visual analysis of crack propagation path and by quantitative analysis of 
particle fracture and crack/particle interactions.  4D visualizations were constructed to aid 
in the understanding of fatigue crack propagation.  Results indicate that, for R-ratio of 
0.1, particle fracture ahead of the crack tip is rare and the crack has a tendency to follow a 
path around particles, bypassing them.  At R-ratio of 0.6, particle fracture ahead of the 
crack tip is much more common, and the crack has a tendency to follow a path through 
these fractured particles.  The plastic zone around a fatigue crack in 7075 aluminum alloy 
was also studied by the complimentary application of both X-ray synchrotron 
tomography and Laue microdiffraction.  The 3D profile of the crack was obtained by 
segmentation of the reconstructed tomography data.  Relative amounts of plastic 
deformation around the crack tip were determined by the characteristics of peak 
broadening in depth-resolved Laue patterns obtained by microdiffraction using a DAXM 
technique.  This experimentally determined plasticity was superimposed on the crack 
profile, resulting in a 3D visualization of the plastic zone around the crack.  The 
experimental plastic zone size was compared to Irwin model predictions and was found 
to be bounded by the sizes predicted for plane stress and plane strain. 
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